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I. Introduction

During the past thirty years research using high magnetic fields has technically
evolved in the manner, but not the magnitude, of the so-called big science areas of
particle physics, plagma physics, neutron scattering, synchrotron light scattering, and
astrorinmy. Starting from the laboratories of individual researchers it moved to a few
larger universities, then to centralized national facilities with research and
maintenance staffs, and, finally, to joint international ventures tc build unique
facilities, as illustrated by the subject of this conference.

To better understand the nature of this type of research and its societal justification
it is helpful to compare it, in general terms, with the aforementioned big-science fields.

High magnetic field research differs from particle physics, plasma physics, and
astronomy in three respects:

1. It is generic research that cuts across a wide range of scientific disciplines in
physics, chemistry, biology, medicinre, and engineering.

2. It studies materials and processes that are relevant for a variety of technological
applications and it gives insight into biological processes.

3. It has produced, at least, comparably significant results with incomparably
smaller resources.

Unlike neutron and synchrotron light scattering, which probe matter, high magnetic
fields change the thermcdynamic state of matter. This change of state is fundamental and
independent of other state variables, such as pressure ard temperature. After the
magnelic field is applied, various techniques are then used to study the new state.

In the United States the National Science Foundation (NSF) has major responsibility
to support high magnetic field research. In 1971 the transition to a centralized national
facility mentioned above was further confirmed when the NSF assurned primary support
for the Francis Bitter National Magnet Laboratory (FBNML) at MIT, which had been
established in 1960 with the support of the U. S. Air Force Office of Scientific Research.
The need for such a natichal center was amply justified by the number of users, which in
1990-1991, for example, was 348, from all over the world.



By 1978, significant high field facilities were in place, not only at FBNML, the
Naval Research Laboratory, the University oi Pennsylvania, and the University of
California at Berkeley, but at several centers throughout Europe and Japan. The National
Research Council deemed it timely to consider where the development of high field
technology was going, and what importance this had for research and technology. This led
to the report of the Panel on High Magnetic Field Researck and Facilitics (1979),
chaired by S. P. Keller of IBM, which listed a numher of major research opportunities
and technological objectives. Among its chief recommendations, “The design and
construction of a quasi-static pulse magnet with fields approaching 100 T shoulr be
urndertaken.” 1]

In 1987 the NSF convened a Panel on Large Magnetic Fields, co-chaired by F. Seitz of
the Rockeleller ~oundation and R. C. Richardson of Cornell University, to assess future
scientific, engineering, and technological opportunities in high magnetic field research.
The panel was unequivocal in its findings. Not only had such research “been extraor-
dinarilv productive for modern advances in our knowledge of physics, chemistry,
materials engineering, and biology,” but there were “remarkable opportunities for the
discovery of new states of matter...” and for “important applications in technology such
as new devices for the computer industry, new materials with exceptional strengths and
major advances in medicine." The principal recommendation of the Panel was the
establishment of a naw National Hich Magnetic Field Laboratory (NHMFL). [2]

This occurred in 1990 through the formation of a unique federal-state partnership
supporting a consortium of two universities (Florida State University and the
University of Fiorida) ard a national laboratory (Los Alamus), with primary support
from the NSF and major start-up support and substantial continuing support from the
State of Florida. [3]

The sine-qua-non of generating high quasi-static fields is a power source that can
provide hundreds of megawatts. Such a power source is available at Los Alamos in the
form of a 1.4 GW synchronous motor-generator which is configured to provide energy
pulses of 600 MJ within approximately 1 second. This national resource was the
primary factor driving the establishment of the Florida-Los Alamos consortium which
operates the NHMFL. As a contingency, pravision has been made for the addition of a
fiywheel, which could more than triple the energy output. [4] Consequently, the main
component of the NHMFL-Los Alamos program is a 60 1, 100 ms quasi-static magnet
with 32 mm bore that will use this generator (without a flywheel). [5] Moreover, the
60 T magnet has the full pulse-shaping capability that is made possible by the ac power
output of the generator, in a manner similar to the 40 T quasi-stalic rnagnet at the
University of Amsterdam. [6] For the future, this motor-generator is the backbone of
the 100 T, 20-50 ms project that will be proposed for the next NSF funding cycle and of
future facility concepts that would extend the 100 T field to pulse durations on the order
of 1 second. {7]

Il. Francls Bitter National Magnet Laboratory

We concentraie in this paper on the NHMFL, both because one of its future program
objeclives dovelails with this conference [4] and because fulure high magnetic field
research will concentiate there. However, it is important to recognize the extensive
facililies in place at FBNML, not to mention the major contributicns to magnet



technology and the n.any outstancing research accomplishments FBNML may justly
claim. Also, the long experience of FBNML as a user facility has honed the expeditious
and knowiedgeable support that users now consider standard.

The magnets at FBNML are summarized in Table I,

Table | — FBNML Magnets

Power (MW) Max. Field (T) Bore Size (mm) Characteristics Quartity
9 35 33 Hybrid Solenuid 1
9 31.5 32 Hybrid Solenoid 1
9 27 51 Hybrid Solenoid 1
9 23 144 Hybrid Solenoid 1
9 24 32 Solenoid 4
9 20 51 Solenoid 5
5 19.5 32 Solenoid 3
5 15.5 51 Solenoid 5
5 14.5 51 Uniform Field 1
Soienoid
9 17 20 mm jap Radial Access, H gap 1
9 15 32 mm gap Radial Azcess, V gap 1
5 11 20 mm gap Radial Access, H gap 2
5 10 32 mm gap Radial Access, V gap i
5 8 51 mm gap Radial Access, V gap 1
8 14.5 102 Large Bore Solenoid 2
8 12.5 147 Large Rore Solenoid 1
8 7.5 248 Large Bore Solenoid 1
- 15 51 Supercond. Solnnoid 1 -

In addition to the abuve magnets, FBNML has offered pulsed fields on an experimental
basis and has achieved record fields as part of its pulsed field development.

The 45 T hybrid magnet of NHMFL is being built through a collaboration between
design teams from FBNML and NHMFL, with primary responsibility for the resistive
insert and the NbTi coils of the superconducting outer magnet being assigned to FBNML.

(8]

ill. NHMFL: Objectives ard Capabliities

The NHMFL has made its first step in advancing both the state of the ait in magnet
design and technology and in the exploration of new scientilic phencmena. The facility
provide: notl only the opportunity to carry out experiments at the highest altainable
fields {currently, up to 27 T with continuous resistive magnets, 60 T for capacitor-
driven pulsed magnets, and in 1995, 45 T with the hybrid magnet) but the quality of the
power installations and magnet performance has been advanced to meet the needs of high
sensitivity and the requirements of electrical noise and mechanical vibration reduction
that are crucial to many modern experiments. As examples of this emphasis on quality
we can cite the recent observations of solid state NMR in the 27 T magnels and the
measurements ol magneto-oscillatory behavior in the 60 T capacitoir-diiven pulsed



magnets. These phenomena cannot be observed without great attention to stability and the
elimination of electromagnetic noise and vibration.

The combinec emphasis on building magnets, with user friendly characteristics
(volume, control, stability, access, etc.) at field levels much higher than currently
available, ano the development of the appropriate scientific infrastructure, including
new instrumentation and measuring techniques, will set new milestones and standards.
This emphasis defines NHMFL's mission as we entar the second phase of the project after
completion of the first five year's program with the NSF.

One of the unique features of the new national magnetic field laboratory is the ex-
tension to research and the use of magnet technology in the health sciences and bio-
physical phenomena. NHMFL is in collaboration with the Brain Institute at the Uni-
versity of Florida daveloping a major effort to use Magnetic Resonance Imaging (MRI)
techniques for practical applications such as in the repair of spinal cord tissues. The
laboratory plans to assemble a 12 T, 40 ¢m diameter imaging magnet for studying in-
vivo small animals to develop advanced techiiques in this and related fields. This will be
the world's largest Mill magnet.

The Institute for Advanced Studies of Magnetic Resonance and NMR magnels

A prime and unique feature of the magneiic resonance program is its large-scale
integration of NMR, MRI, EPR, and ICR spectroscopies, which have many common
conceplual and technical aspects. Among the instruments that are and will be housed in
the specially designed NMR Laboratory are the ‘flagship’ 900 MHz NMR spectrometer,
an B850 MHz spectrometer for solid state,a 720 MHz spectrometer, a 600 Mhz wide-
bore specirometer for micro-imaging, a 500 Mhz standard-bore spectrometer for
biomolecular NMR, a 300 MHz wide-bore spectrometer for development of solid-state
methods, and a 300 MHz standard-bore spectrometer for solution statse methodology.

In addition to projects now under way, further research will be concerned with the
development of technology that is relevant to very high magnetic fields, such as probes
and receiver systems, magnetic resonance using non-persistnet suerconduciing,
resistive, and pulsed magnets, similarities of NMR and ICR in multidimensional
methods, and development ot multiple-resonance methods.

Ultra-High B/T Facility

In addition to providing faciiities for studying new phenomena at the very highest
magnetic fields, the National High Magnetic Field Laboratory is also developing a unique
facility to carry out experiments ai the highest fields and lowest temperatures
simultaneously. Several interesting new phenomena such as new states of nuclear spin
ordering and magneto-thermodynamic transport in highly polarized quantum fluids can
be or are predicted to be realized by the establishment of very high initial
magnetizations or high spin polarizations, achieved by a high ratio of the applied
magnetic field to the temperature B/T.

Examples of new phenomena that can be explored by an ultra-high B/T capability
include the transport properties of highly polaiized fluids. A numbe: of unusual
magneto-kinetic effects are predicted for spin transport in highly polarized Fermi
fluids. High field broadline NMR studies can be used to study the predicted instabilities
in the ground state of alkali metals due to strong exchange and correlation effects that



could lead to charge density wave formation. New slates of nuclear magnetism can be
examined because of the ability to lower the nuclear spin entropy below critical values
b static cooling in the high initial B/T conditions. Specifically, the upper critical field
for the nuclear spin order/disorder transition in solid helium three can be determined
for the first time at very low temperatures.

The facility is being developad in collaboration with the hiicrokelvin Research
Laboratory at the University of Florida and will consis! of a complex two-magnet
system. An 8 T nuclear demagnetization stage wilt be used to cool samples to 500
microkelvin (or below). The experimenial region is in the center of an 18 T persistent
superconducting magnet and the complete system is located in an ultra-quiet
environmer.. with “tempest” quality shiciding from radicfiequency interfzrence and
noise, and also with special vibration isolation.

Resistive magnels

NHMFL is pursuing ar. aggressive program to extend the state-of-the-art of the
G:.afity and magiitude of resistive magnet fieids. (A summary of this program is given in
Table Il.) The present development focuses on magnets which use only two of the four 10
MW power supplies, allowing 2 magne!s to be run in parallel. Currently available fieid
levels of 27 T will he increased with the addition of a 30 T system by the end of 1994
and a 33/34 T system in the summer of 1995, The attention to quality is illustrated by
the 27 T magnets recenlly put into service, which permit broadline NMR.

A number of especially interesting properties of new materials that exhibit new
behavicrs at very high magnetic fields can be studied by using broad-line NMR
techniques for nnly moderate homogeneities. Tne very high quality of the power systems
for the water cooled resistive magnets and the quite good homogeneities of the new
NHMFL design for the 27 T class magnets will allow these broad-line NMR experiments
to be carried out. Test cases to observe NMR in these magnetz have already been
successful, and witlh some modest imprcvements in homogeneity with small added
correction coils « number of NMF experimental techniques will be accessible.

This ability has drawn considerable ‘'ser interest and examples of current interest
include the examination of field induce? transitions and the etfects of dimensional
instabililies in the organic superconductors for which NMR can follow the local fields
direclly and provide insigh' into the magnetic correlations. Spin density wave motions
and tneir excilation energies can be determined from NMR line narrow:ng
measurements. The correlation elfects and anisotrop.es ¢ materials that exhibit high
temperature superconductivity can be explored in very high fields lo yield infermation
about the magneiic phases in some of these malerials and probe the interplay between
bending wnd exchange interactions in the highly correlated materials. The sublattice
magnetizations in the magnetic phases can be deduced from measurements of the line
structure resulling frotn the hyperfine irieraction and explored in detail for single
crysfals. A comparable scientilic potential stemming from field quality will be realized
also in the hybrid, descrited belows.

[



Hybrid magnet

The highest steady fields available anywhere in the world will be provided by the
N: *AFL 45 T Hybrid. [8) Owing tc the physical size and inductance of its superconducting
outsert, the field uniformity and stability in the 45 T hyorid will also te significantly
improved relative to the resistive magnets. The system is designed for maximum
availability (the outsert can be charged or discharged in less than 1 hour), reliability
(the outsert is stable even against an insert tripj, and ease and economy of operation
(the outsert is connected to a dedicated closed-cycle refrigeration system), making its
utility the virtual equal of the resistive systems for many anplications and the superior
system where higher fields are essential.

The NHMFL Hybrid is designed to provide the full 45 T rated field routinely - not
just as a record achieved once during proof tests. lis standard bore of 32 mm is the same
as the resistive systems and the 60 T quasi-static magnet. However, future inserts can
provide larger bores at reduced fields if warranted. In addition, the superconducting
outsert will be available by itselt for technology applications, providing tields in excess
of 15 T over its 616 mm warm bore (approximately 16.5 T maximum at the midplane).

Pulsed magnets

The highest pulsed fields at Los Alamos are produced by <xpiosive flux compression
generators which reach 100 - 200 T in 11 - 16 mm bores fo. a few ps. NHMFL users
have measured de Haas - van Alphen frequencies and upper critical fields of high
\emperature superconductors with this technique, but the sacrifice of the sample is an
unpopular feature. In a recent collaboration hetween Los Alames and scientists from
Arzamas-16, Russia, fields in the vicinity of 1000 T were obtained. There can be
opportunities for NHMFL users to add experimerits to such cheduled events.

Now used in many laboratories throughout the world are pulsed field magnets driven
by capacitor banks that produce fields in the vicinity of 40 to 60 T for about 20 ms in
bores ranging from 10 to 24 mm. At NHMFL the working field is chosen to be about 8 T
less than that which destroyed an identically fabricated magnet. However, this down-
rating merely postpones evenal failure which is a result of fatigue and wear after a
few hundred pulses, but is usually not catastrophic. Various designs have been successful
for this class of magnet. NHMFL usas the design developed at Leuven, which employs
graded thicknesses of fiber reinforcement between conductor layers.

The principal near-term pulsed magnet for NHMFL is the 60 T quasi-static,
controlled pulse magne! which is now nearing completion. Similar magnets are under
development at the University of Amsterdam and Princeton University, although the
latter will not have the zontrolled pulse feature. This magnet, whose forerunner in
concept is the highly successful 40 T quasi-static magnet at the University of
Amsterdam, will offer a wide variety of pulse shapes, including flat-tops, steps, ramps,
field reversals, and crowbars, over pariods ranging trom 100 ms (for the 60 T flat-
top) to several seconds (for a crowbar decay). The success of its multi-coil design is
highly relevant to the NHMFL 100 T nondestructive magnet. In particular, the outer
coils of the 100 T magnet are quite similar to those of the 60 T quasi-static magnet.



Summary of Magnets at NHMFL

The magnets now available and scheduled for completion (with the exception of the
900 MHz NMR n.agnet) during the first phase of NHMFL are: summarized in Table I,
roughly in order of completion. The specialized flux compression generators are nct
listad.

Table Il — NFMFL Magnets for Period 1991 - 1995

Power (MW) Max. Field (T) Bore Size (mm) Characteristics Quantity
- 20 52 Supercond. Solenoid 3
- 50 24 Pulsed, capacitor 1-3
- 60 16 Fulsed, capacitor 1-3
8 20 50 Solenoid 2
- 20 52/31 Solid state NMR 1
13 27 31 Solenoid 3
- 720 MHz 52 High resolution NNiR 1
15 ao 32 Solenoid 1
- 600 MHz 89 High resolution NMR 1
- 500 Mhz 52 High resolution NMR 1
- 18 50 High B/T, 4C0 uK 1
300 60 32 Pulsed, quasi-static 1
24 45 32 Hybrid 1
12 25 50 Solenoid 1
20 32 32 Solenoid 1
- 900 MHz 110 High resolution NMR 1
(1997)

IV. NHMFL: Objectlives for 1996-2000

It should be recognized that important components of high magnetic field research do
not always use the very highest attainable fields. An example within NHMFL is fourier
t ansform ion cyclotron resonance mass spectrometry (FT-ICR), which already offers
impressive performance at 7 T (the highest field presently in use) such as the detection
of a single DNA ion of 100,000,000 Da'ton moiecular weight and the mass resolving
power sufficient *z distinguish thousands of components in a mixture as complex as
crude oil. Suffice (v say that magnets of higher field and larger bore sizes are on order or
in tre process of proposal that will advance the capabilities of ICR on all fronts; not only
will new experiments become possible, but previously very difficult experiments will
become routine.

Among the new magnet systems we propose for 1996-2000 are both resistive and
pulsed magnets that take the maximum field values well beyond what is now available in
their respective classes. The 100 T inagnet will have a pulse widths of approximately 20
ms for fields above 80 T and 50 ms above 50 T. (7]



Tatle Il — NHMFL Magnets Proposed lor Feriod 1996 - 2000

Power (MW) Max. Field (T) E e Size (mm) Characteristics Quantity
24 20 200 Solenoid 1
24 33 32 Solenoid 1
29 36 32 Solenoid 1
40 45 32 Solenoid 1
(1.5 MJ) 80 24 Pulsed field magnet 1
500 100 24 Oulsed, 20-50 ms 1

V. Future Facliity Concepts

Looking to the far-term it is possib'e to see three significant new facilities that will
c¢hallenge our best efforts (without straining our credulity).

1.2 Gz NMR.

It was an obvious challenge to consider the question of what the ultimate possibilities
of the technical installations would be. The power supply has shown that it is capable of
delivering 40 MW with a current quality which is unrivaled in the world. With a few
improvements stability and ripple of less than 1 ppm should be attainable. The water
cooling circuit was designed and has proven to have uniquely low vibration level. The
mass of 3 fzet of concrete, on which the magnet cells were constructed, will damp the
vibrations of any measuring device o extremely low levels. We are therefore confident
that with proper magnet design proton resonance frequencies of 2 GHz in solid state NMR
quality will be observable. This was preposed in the Seitz-Richardson panel and would
extend the present capabilities by a factor of more than two.

2. 60 T Hybrid magnet.

We are convinced that also the level of continuous fields can be increased
considerably. Our calculations show that a hybrid magnet, consisting of a 18 T
superconducting magnet with a bore of ciose to one meter and 2 40 MW resistive insert
c¢mould produc: a ccentinuous field of 60 T. The successful design would require a
reasonable, but not excessive, development effort tor the conductor material of the
insert. Improvements of the conductor and of the conuit of the superconducting coil and
detailed cptimizations of many parameters would also be necessary. It is estimated that a
development eifort of three years is required. Such a 60 T hybrid magnet would double
the available continuous magnetic fields and open completely new possibilities to
;esaarch in the highest magnetic fields.

3. 100 T long-pulse magnet.

The implicit possibility of a 100 T long-pulse magnet underlies this conference, and
we concur with that premise. At NHMFL we are taking specific strides in this direction
through the construction of a 60 T quasi-static magnet and the proposed construction of a
100 T, 20 ms magnet in the near term. Both of these are based on our 1.4 GW motor-
generator which can be upgraded to give giga-joules of extiactable energy with the
addition of a flywheel. Design studies of the flywheel and its incorporation ir the system
have confirmed the feasibility of this upgrade. (The surface of the flvwheel will have a
sneed exceeding Mach 1.) Such a magnet would more than double the field of long-pulse
magnets available today.



Vl. Re-affirmation of Science Opportunities at 100 T

As mentioned in the Introduction, Ligh magnetic fields are needed by a wide range of
disciplines, and strong opportunities ‘o1 advancing the understanding of specific
subjects have been presented in earlier panel reports and in the report of Leuven I.
[1,2,9] These remain as relevant today as they were then. Here, we limit ourselves to
re-affirming the need for high magnetic fields in a sub-field of condensed matter
physics that shows particular promise.

The extensive studies of strongly correlated electronic systems in condensed matter
physics in recent years are challenging many of our fundamental concepts. High Te oxide
superconducting materials are a clean example of tiis, where antiferromagnetism and
superconductivity compete on the same energy scale. and where even such simple
properties as the temperature dependence of the electrical resistivity have no simple
explanation. High magnetic fields an probe directly electron-electron correlations
through spin and orbit coupling to the magnetic field. 100 T corresponds to a
temperature tir the spin system of roughly 80 K, a region where many interesting
phenomena occur. We cite a few particular examples, where fields of 100 T can be
expected to achieve qualitatively new results.

Fermi surface studies in heavy Fermion and layered materials can be extenazd to find
heavier mass sheets, the variation of Fermi surface topology through metamagneti~
transitions, as well as direct measurements above Hc2 in cuprates. Critical fields can be
cleanly studied in the cuprates and organic materials, and also in the high critical field
intermetallics. Additionally, new studies of pinning mechanisms in superconductors will
be possible.

Fundamental studies of Kondo insulators can be made in fields comparable to their
gap temperatures. New studies of mixed valence n aterials are also now possible with
fields comparable to the fluctuation scale. Serious questions of physics exists for both
these classes of materials.

The small ordered-moment magnetic systems can be expected to show new features in
100 T fields, again because such fields permit studies at the ordering temperature scale.
In addition, suspected non-Neel ordering in various materials such as UPd3 and
URu2Si2 should be sensitive to large applied fields. In these and many of the systems
mentioned above, an aim is to be able to separate the various competing energy scales
which make the phenomena examined so rich.

rligher fields obviously have great relevance to studies of the fractional quantum Hall
effect, with higher fields always leading to new features. The large anisotropies point to
Quanturn Hali effect possibilities in the organics, and the various analogies between
cuprates and organics can be effectively studied in the enlarged dimension attained in
high lield. New and fundamental studies of important questions in semiconductor physics,
such as the nature of DX centers in GaAs, will also be possible.

VIl. Opportunities for International Collaboration and Jolnt Inltiatives
As the program of the present conference testifies so well, international collab-
oration in achieving and usirg the highest magnetic fields is an established and cherished
feature of the world scientific community. There is every prospect that technical and
scientific collaboration will be further strengthened as the scale of the facilities



increases, and their number correspondingly decrease. In science, the ideas, the
challenges, the successes, respect no national barriers.

Perhaps the emerging scale of high field facilities, such as a 100 T long-pulse,

quasi-static magnet, will mandate inter-continental funding, as it does for the big-
science fields of particle and plasma physics mentioned in the Introduction. It is likely
that different national communities will choose different, but complementary, paths to
100 T and the researcher will be able to choose lhe field, volume, and pulse conditions
that best matches his/her experiment. The relevance of high magnetic field research to
societal needs, if clearly articulated, should attract national support.
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